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Abstract fluids, the solubility of the gas phase in the liquid
Recent experience gained at AFRL with the injection phase increases as pressure approaches the critical

pressure, and mixture effects need to be taken into
of cryogenic fluids into high back-pressures is account in calculating the critical properties. The
summarized. In the experimental investigations critical properties of mixtures are referred to as the
described, a jet of a cryogenic fluid, typically liquid "critical mixing temperature" and the "critical
N2, is injected into a chamber whose ambient mixing pressure"(BrunoandEly, 1991).The critical
pressure is varied to values exceeding the critical , pressure (an any times The critical
pressure of the injectant. The structure of the jet andcritical
thesshrea layter between The jectue an thheaient has pressure of the compounds of interest as seen in
the shear layer between the jet and the ambient has Woodward and Talley (1996).
been examined. Results from visualization, jet Previous efforts, for example, Newman and
growth rate, fractal analysis, and Raman scattering Brzustowski (1971), Mayer, et al. (1996), and
measurements indicate that the behavior of the Woodward and Talley (1996) have reported a gasinjected fluid changes from spray-like behavior toic fjet-like visual appearance at a supercritical chamber
gas jet-like behavior as pressure increased, temperature and pressure with no evidence of

droplets. Anderson et al., Decker et al., Oschwald
Introduction and Schik (1999), Oschwald et al. (1999), and

In recent years, combustion chamber pressures Chehroudi et al. (2000) have used Raman scattering
have increased in order to realize performance to investigate the structure of a cryogenic nitrogen
and/or efficiency benefits in a wide range of jet under supercritical conditions. Decker et al.
propulsion and energy conversion applications. In (1998) observed a smooth transition from the high-
some cases, this has resulted in the injected density core of a cryogenic, N2 jet to the more
propellant(s) experiencing ambient pressures rarefied, warmer N2 in the ambient outer region.
exceeding their critical pressure(s). For example, in There was no distinct phase interface. The density
the cryogenic liquid hydrogen/liquid oxygen Space radial profile was never observed to have a top hat
Shuttle Main Engine, the thrust chamber pressure is profile, even as close as 2.5 diameters. Based on
about 22.3 MPa. Thrust chamber pressures for the limited tests, they concluded that the thermodynamic
Vulcain (Ariane 5) engine have been recorded to state of an injected supercritical fluid was of prime
reach up to 10 MPa. Both of these pressures exceed importance in determining the jet growth, and not
the critical pressure of P,, = 5.043 MPa for liquid the injection velocity or momentum.
oxygen. In these applications, the initial temperature The objective of this paper is to concisely
of the oxygen is below its critical temperature (Tr = present the experimental and modeling experience
154.58 K), and then undergoes a transition to a gained thus far at AFRL on injecting cryogenic
supercritical temperature as the oxygen is mixed and fluids at subcritical to supercritical pressures. The
burned in the combustion chamber. structural features of the jet and the shear layer

For single component fluids, the distinct between the jet and the ambient will be described.
difference between the gas and liquid phases An initial attempt has been made to model the
disappears when either the pressure exceeds the measured growth rate of the jet shear layer.,-;
critical pressure or the temperature exceeds the
critical temperature. Near the critical point, Surface Experimental Apparatus
tension and the enthalpy of vaporization vanish, and The experimental apparatus has been thoroughly
large variations in the density, thermal conductivity, described in Woodward and Talley (1996) and

and mass diffusivity occur. For multi-component

Distribution A: Approved for public release. Distribution unlimited.



Chehroudi, et al. (1999). The apparatus is capable .
of injecting cryogenic fluids into ambient pressures
as high as 137 atm. For the results reported, a I !:oi ."
cryogenic jet is injected through a sharp-edged
stainless steel tube with a length I = 50 mm and :
having inner and outer diameters measuring d, =
0.254 mm and d, = 1.59 mm respectively. The.•
Reynolds numbers in these studies ranged from •. -

25,000 to 70,000. This results in l/d, = 200, which is [
sufficient to ensure fully developed turbulent pipe 'Pi

flow at the exit plane. The rig is fully instrumented
to measure pressure, temperature, and mass flow rate -

of the injected fluid.
Images of the evolving shear layer have been

acquired by both shadowgraph and spontaneous
Raman scattering. In the interest of space, we will
concentrate the majority of this paper on the
shadowgraph results. 4

Visual Appearance Changes In Cryogenic .
Jets and Shear Layers

Figure 1 (top row) shows representative images
of a jet of liquid nitrogen (LN2) (P,, = 3.39 MPa, Tr, P
= 126.2 K) injected at an initial temperature of 99-
110 K into room temperature (300 K) gaseous (a) (b) (c)
nitrogen (GN2). For the results presented here, the Re=75,281 Re=66,609 Re=42,830
chamber pressure was normalized by the critical R=52 e6,0 e4 3
pressure of the pure fluid in the jet; Pr = PchambP,,. Figure 1. LN, injected into room temperature
The bottom row of Figure 1 shows the jet shear nitrogen at different pressures. The bottom row
layer. Generally, it is apparent that as pressure is contains magnified images of the top row in order
increased, the jet width increases and the structure of to examine the shear layer.
the shear region changes from being dominated by
droplets to being dominated by finger-like regions. This is illustrated in column (c). Any further droplet
The results presented here are not unique to the production, and consequently any additional
injection of liquid nitrogen. Similar results have atomization regimes, were completely surpressed.
been found injecting liquid oxygen into gaseous Jet and Shear Layer Growth Ratesnitrogen. JtadSerLyrGot ae

nitrgen.In order to compare with classical Cartesian
In column (a), where the chamber pressure was

subcritical, the jet had a classic liquid-like mixing layer theory, the initial growth rate of the jets
appearance. Surface instabilities grew downstream was measured at I1de < 28 from the jet exit. As
from the injector and very fine drops were ejected discussed by Chehroudi et al. (1999), this distance

from the jet. At this pressure, the Ohnesorge number was well within the mixing layer region. The results
was approximately 2.8x10". This corresponds to a were then plotted in Figure 2 as the tangent of the

second wind-induced atomization regime in Reitz spreading angle vs. the chamber-to-injectant density
and Baracco (1979). ratio. Overlaid on top of the present data are the

Major structural and interfacial changes results of other researchers. Because the present
results span both gas-like and liquid-like behavior, itoccurred at P,. = 1.03. Above this P,, drops were no

longer detected and regular finger-like entities were was necessary to plot the growth rates of both spraysCD and turbulent jets. This results in a plot that is
observed at the interface. Rather than breaking up
into droplets, the interface dissolved at different unique in that it spans nearly four orders of
distances from the dense core. These structures are magnitude in density ratio and compares growth

illustrated at a P, =1.22 in column (b) of Fig. 1. This rates for both sprays and turbulent jets.

change in the morphology of the mixing layer is We will first examine the subcritical region of

evidently due to the reduction in the surface tension Figure 2. A more complete description can be found
as the critical pressure is exceeded, The enthalpy of in Chehroudi et al. (1999). In this region, the LN2

vaporization also vanishes because of this transition. jet appears visually to have spray-like
As chamber pressure was further increased, the characteristics, as seen in Figure Ia. The growth rate

length and thickness of the dense core decreased, of this jet approaches that seen in spray

and the jet began to appear similar to a turbulent measurements such as Reitz and Bracco (1979),
gaseous jet injected into a gaseous environment, plotted in Figure 2. The curves in these plots



Jet or Spray or Mixing Layer Divergence Angle vs Chamber-to-injectant Density
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Figyure 2. Tangent of the visual spreading angle versus the chamber-to-injectant density ratio. Data shown with
an asterisk N* were taken at AFRL.

represent the predictions of atomization theory, section. At supercritical pressures, not only do the
while the error bars represent the extent of jets have the visual appearance of a turbulent gas jet,
experimental scatter around the theoretical but also the growth rates are consistent with
predictions. Reitz and Bracco's data show the well- incompressible variable-density turbulent jets. At
known result that the initial spreading rates of sprays subcritical pressures, cryogenic jets have the same
from plain round orifices are sensitive to the internal appearance and growth rate as sprays. The transition
L/d,. However, in comparing the shape of the between the two regimes occurs near the critical
curves, their data for L/d, = 85 closely corresponds pressure. The above conclusions have been
to the LN2 jet data at Lde = 200. In both of these demonstrated for the case of a fully-developed
cases, the flow is fully developed. In data not turbulence at the jet exit. Other initial conditions
plotted in Fig. 2, the spreading rate for the LN2 data have not yet been examined.
effectively merges with the Reitz and Bracco (1979)
curve at low density ratios.

As the density ratio is increased into the Fractal Analysis

transition region (as seen in Figure lb), the jet and The fractal dimension of jets at various
shear layer growth rate also increases. Near the pressures ranging from subcritical to supercritical

critical pressure, the rate of increase becomes much was calculated and compared to results from other
critiealeperess thratthe abrt icrane beccrs m h researchers. Reference results taken fromsteeper. Note that the abrupt change occurs at Sreenivasan and Meneveau (1986) measured the
different density ratios for the different data sets in fractal dimensions of a variety of turbulent gas jets,
Figure 2 because the data sets correspond to mixing layers and boundary layers. These results
different mixtures with different critical properties. indicate a fractal dimension between 1.33 and 1.38.

At supercritical chamber pressures, where the In addition, the fractal dimension of a turbulent
LN2 jet visually resembles a turbulent gas jet, the water jet (Dimotakis et al. 1983) and of second
growth rate closely follows both the theoretical wind-induced atomization (Taylor and Hoyt 1983)
equation proposed by Dimotakis (1986) and the was computed from scanned images.
independently-derived equation by Papamoschou The fractal dimensions from the above reference
and Roshko (1988). The spreading angle of the jet cases are shown as horizontal lines in Figure 3.
shear layer also agrees with Brown and Roshko's Overlaid on top of these lines are discrete points
(1974) spreading angle measurements of an indicating the fractal dimension of LN, jets injected
incompressible turbulent mixing layer between into GN2 at various chamlber pressures. Different
helium and nitrogen gases at atmospheric pressure. methods of calculating the fractal dimension resulted

These growth rate measurements complement in different values. Several of these are plotted to
and extend the visualization results of the previous provide an indication of the uncertainty. At



the time scale necessary for the structure to dissolve
1.40 - ("vaporize," when subcritical) into the ambient, r,.

In the liquid-like regime, droplets are ejected from
-•= -- the jet faster then they can vaporize. In the gas-like

...... :regime, droplets dissolve faster then they can ber
8 BOX64thrown off. The transition between the two regimes

fl= -Ewould be governed by finding the point at which the
two times are approximately equal. This is

1.2s. -2rd-W.,,•-,,,WW12suggested by the comb-like structures seen in Fig-7 .. lana M f tr120)1 (b).
-- -Tu•. i[2l Using the above physical models, an equation

0 2 0.51 1.0 . . was proposed for the N2/N2 system as0.0 0,5 1.0 1 S 2.0 Z5$ 3.0

PchfPc

Figure 3. Fractal dimensions of the boundaries e = 0.27[(Tb I'@b + rg ) + (Pg /Pt) / ].

of various jets. Discrete points are data from the
Dresent effort. In the limit, when 't >> 't, and; -- =, this equation

collapses to the isothermal liquid spray case. This
supercritical chamber pressures, the fractal equation agrees well with the current data at
dimension approaches that of turbulent jets and subcritical pressures for b I/(' + r,) < 0.5. A
mixing layers. As the chamber pressure is constant value of 0.5 was used to predict the
decreased, the fractal dimension also decreases,., spreading rate for higher pressures, including
Below P,=O. 8, the fractal dimension rapidly reduces u i psr

to a value approximately equal to that of a spray in supercritical pressures.
secod wnd-ndued aornzaton.For injection of N2 into N2, the characteristicsecond wind-induced atomization.

A more thorough discussion of the above results time ratio, rb/ (Yb + rg), was calculated from

is found in Chehroudi et al. (1999). The key experimental measurements of bulge and droplet
observation to be taken is that the results from the sizes and calculations of the relevant properties.
fractal analysis complement and extend the previous For N 2 injection into other gases, however,
results. At supercritical pressures, jets have a fractal 0
dimension similar to turbulent gas jets and at reliable information about the mixture properties at
subcritical pressures, cryogenic jets have a fractal the interface, particularly the surface tension,
dimension similar to sprays. The transition occurs at prevents such a calculation from being performed.
about the same pressure as the transition in visual To model these cases, it is hypothesized that the
appearance and growth rate. characteristic time ratio is a dominant function of the

density ratio, i.e. Tb /(rb + -g) = F(pg /p) . Brown

Modeling the Growth Rate and Roshko (1974), indicate that this hypothesis is
Using the data collected on the growth of the reasonable because at low Mach numbers there is no

cryogenic jet, a semi-empirical equation for the distinction between mixing layers where the two
growth rate has been developed. Complete details streams have different molecular weights,
about the development of this equation are given in temperatures, or compressibility effects.
Chehroudi et al. (1999). The physical reasoning Measurements of F for the N2/N2 system were
motivating the equation is outlined below, provided as a plot in Chehroudi et al. (1999). A

Previous expressions for the growth rate of curve fit of that plot gives
sprays and of turbulent jets have a remarkably
similar form. Reitz and Bracco (1979) proposed that F (pg / p,) = 5.325 (p, / p,) P, / p, < 0.0885
the growth rate of an isothermal liquid spray could + 0.0288
be expressed as = 0.5 P I p 0.0885

0 = 0.27[0 + (pg / p,) ]. It was found that the same function, F, calculated

Similarly, Papamoschou and Roshko (1988) from measurements of the N2/N2 system could be
suggested the following form for incompressible, but made to work for other cases, provided that a case-
variable density, turbulent jets: dependant transformation was made to the density

e = 0.212[1 + (pg I/j ) 0 .
5

. ratio at which F is evaluated. The final form of the

The similarity in the form of these equations equation thus arrived at is

suggests the potential for a link between the two. 0 = 0.27[F(x(pg / p,)) + (p8 / p1) O"5]
It is hypothesized that the transition between the
liquid-like and gas-like regimes is governed by the where
relationship between the time scale necessary for a 2-x=0.2 for N,.-into-He
turbulent structure to be ejected from the jet, Tb, and x=0.2 for N2-into-Ar
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Figure 5. Averaged Raman images of LN, jet at sub-
and super-critical chamber conditions.

The quality of the agreement with experimental data
is demonstrated in Figure 4. the spreading rate measured at twice the FWHM

Raman Scattering Measurements values of the Raman data agreed well with the
In addition to the line-of-sight shadowgraph shadowgraph measurements. Thus the

images from which the preceeding results have been correspondence of the two different techniques of
acquired, spontanenous Raman scattering has also measuring the width of the jet was established.
been used to obtain spatially-resolved measurements
of the density distrubution within the cryogenic jet.
Raman scattered light results from an inelastic Summary and Conclusions
collision between light photons and molecules. The structure and growth rate of cryogenic jets
Since the process is inelastic, the incident beam will injected into an ambient with a pressure which
be shifted a fixed amount dependent upon the ranged from subcritical to supercritical have been
structure of the molecule. 'Generally, the intensity of studied at AFRL. At subcritical pressures,
the Raman scattered signal yields information on the comparison of shadowgraph measurements show
number density of the gas being examined. A more that the jets have the appearance of a conventional
detailed description of these experiments can be liquid spray. As pressure is increased beyond the
found in Chehroudi etal., 2000. fluid critical pressure, the structure of the jet

A thin light sheet was generated using a changes. Under these conditions, the cryogenic jets
frequency doubled Nd:YAG laser. Before the beam have the appearance of turbulent gaseous jets.
entered the test section, it passed through an optical A physically based empirical equation was
delay loop which increased pulse duration from 10 developed based on a mechanism governed by
ns to 36 ns. Lengthening the pulse was required to characteristic gasification times and interfacial
reduce the peak laser power, which reduces the turbulent bulge formation times to predict growth
possibility of producing stimulated Raman scattering rate behavior. Spontaneous Raman scattering
or broadband breakdown caused by the lensing measurements of the density have been used to
effect of the jet itself. For the 532 nm incident beam, confirm the earlier shadowgraph measurements.
the Raman-shifted scattered light of N2 was detected
at 607 nm by an intensified CCD camera equipped
with a bandpass filter to reject light at frequencies 1.00
other then that of the Raman-shifted N2.

Figure 5 shows typical averaged raw images of
the LN2 jet at sub- and supercritical conditions. The
Raman intensity profile for the subcritical case is " 0.10
larger in magnitude at the center of the jet and is O wgraph
narrower in shape then the corresponding image of -c0- 2 X FWHM
the supercritical jet.

The full width of the radial profiles measured 0.01 _........___........

where the intensity increment was half the maximum 0.01 0
(Full-Width-Half-Maximum, FWHM) was extracted
from the measured Raman data, and the spreading Chamber/Injectant Density Ratio
rate thus measured was compared with the spreading Figure 6. Comparison of the spreading angle of an
rate measured from the shadowgraph visualizations. N2/N2 system measured using shadowgraph and
The results are plotted in Figure 6. It was found that spontaneous Raman techniques.



Growth rate measurements derived from the Raman Oschwald, M. and Schik, A. "Supercritical
measurements at twice the FWHM distance Nitrogen Free Jet Investigated by Spontaneous
-correspond very closely to the growth rate derived Raman Scattering," Experiments in Fluids, 27, 497-
from the shadowgraph measurements. 506, 1999.

Research into these phenomena is continuing at Oschwald, M. et al. "Investigation of Coaxial
AFRL, and we are currently examining the effect of LN2/GH2-Injection at Supercritical Pressure by
acoustical forcing on sub- and super-critical, Spontaneous Raman Scattering," AIAA paper no.
cryogenic jets. 99-2887
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